The one-dimensional three-band Hubbard Hamiltonian is shown to be equivalent to an effective Hamiltonian that has independent spinon and holon quasiparticle excitations plus a weak coupling of the two. The spinon description includes both copper sites and oxygen hole sites leading to a one-dimensional antiferromagnet incommensurate with the copper lattice. The holons are spinless noninteracting fermions in a simple cosine band. Because the oxygen sites are in the Hamiltonian, the quasiparticles are much simpler than in the exact solution of the t-J model for 2t = ±J. If a similar description is correct for two dimensions, then the holons will attract in a p-wave potential. the parameters (3, 4) in units of Jdd are Jpd = 7.0, tex = 6.6, tpdp = 3.3, tdiag = 4.9. For La2CuO4, Jdd = 0.13 eV (5).
toward the two adjacent copper sites. The mixing of the copper and oxygen orbitals leads to the three-band Hubbard models of superconductivity (1, 2), with Hamiltonian H = Jdd Si * Sj + Jpd (t Sin Sm + (-tp >E P -pma-tpdp E PnarPma) diag(mn) (mn) a a +0 laX (Eto,Pmdvd Hdd + Hpd + Hband + Hex [1] The first term, Hdd = JddySi Si, is the antiferromagnetic coupling between adjacent copper spins (ij). The second term, Hpd = JpdYSi -Sm, is the antiferromagnetic coupling of the oxygen holes Sm to neighboring copper spins Si. Hband is the oxygen hopping without spin exchange of the intervening copper. The tpp term in Hb,.d describes direct 0-0 coupling between diagonally adjacent oxygen sites (say the x axis to the y axis), whereas tpdp describes the hopping due to the copper-mediated non-spin-exchange hopping for both diagonal and same-axis hops. The the parameters (3, 4) in units of Jdd are Jpd = 7.0, tex = 6.6, tpdp = 3.3, tdiag = 4.9. For La2CuO4, Jdd = 0.13 eV (5).
In the t-J (6, 7) model of the CuO2 sheets, the oxygen sites are eliminated by assuming that the low-energy excitations are well described by a single hybridized Cu-0 band. The t-J model has been solved exactly in one dimension with a Bethe Ansatz for the supersymmetric case, 2t = +J (8, 9). The low-lying excitations are found to consist of two parts: one for the spin degrees offreedom (spinons) and the other for the charge degrees of freedom (holons). The spinon spectrum is a pure spin excitation only for the case of exactly the half-filled band (no holes). With doping, charge mixes into the spinon states, destroying a simple picture of two uncoupled quasiparticle excitations.
Here we consider a one-dimensional three-band model for the Cu-0 lattice (-Cu-0-Cu-0-Cu-0-). By retaining the oxygen sites, the Hamiltonian 1 can be reduced to an effective Hamiltonian that can be solved exactly. We find simple independent spinon and holon quasiparticle excitations where the spinon spectrum is a one-dimensional Heisenberg antiferromagnet incommensurate with the Cu lattice and the holons are spinless fermions in a cosine band. This solution is a generalization to the full three-band Hamiltonian 1 of our exact solution (10) on a Cu-0 chain assuming Jpd = Jdd and only spin-exchange hopping (tex $ 0, tpdp = tpp = 0).
In the three-band model, the two copper spins neighboring an oxygen hole couple to the hole to form the spin 1/2 Emery polaron (the ground state of Hpd for the Cu-0-Cu triple)
(1, 2). This polaron has the two copper spins in a triplet coupled to the spin 1/2 oxygen hole to form an overall doublet.
where {tE} has M, = +1/2 and {4E} has M, = -1/2. The + and -are copper spins, and t and I represent the oxygenhole spin.
Exact computations (3, 4, 11) on finite lattices find that the ground state and lowest excitations of Eq. 1 in one and two dimensions have large (>90%) projections onto the Emery polaron. This is due not only to the Jpd hole-Cu coupling but also to the nature of the hopping terms tpp, tpdp, and tex (12) .
Spinon and Holon Hamiltonians
Assuming that the Emery polaron is the correct description of the low-energy physics, we will show that the Hamiltonian 1 can be written as *To whom reprint requests should be addressed. To uniquely specify a state or, we require that every 0 has as the first spin a polaron with the oxygen hole at the same particular oxygen site, nl = 0. By translational symmetry, a complete set of states can be specified by the total momentum K, the spinon state 0, and the holon state *fr,..,nM with ni = 0 and nM < N -M. The holon state with nM = N -M is not allowed due to Coulomb repulsion with the holon at n, = 0. This is the boundary condition. Eqs. 16-18 constitute the complete solution to Heff. The spinon spectrum is the one-dimensional Heisenberg antiferromagnet for the N -M spins and hence is incommensurate with the copper lattice. It is linear in momentum for small p. The holons are spinless fermions in a cosine band with a Fermi surface and Fermi energy. In the thermodynamic limit, the ground state of Heff has total momentum K = 0 with a spinon wavefunction corresponding to the ground state ofthe one-dimensional Heisenberg antiferromagnet (p = 0) and the holon state with Fermi momentum kF = irx/(1 -x) (x = MIN is the doping) and Fermi energy EF = -2lTexlcos kF.
IIEI
The energies from the exact solution of Heff are in excellent agreement with numerical studies using the full Hamiltonian (4). This shows that the coupling H' ofthe spinons and holons is small, so that spinons and holons may be regarded as the correct zeroth-order quasiparticle of the one-dimensional three-band Hubbard model.
If similar spinons and holons are the correct quasiparticle description in two dimensions (17) , then the weak coupling H' will lead to a net attraction of holons and superconductivity. The attractive coupling of holons must be p-wave because the holons are spinless fermions. The spinon spectrum ofthe two-dimensional antiferromagnet is also linear for small momentum (just as for phonons), although the coupling of the spinons to holons will be different from the coupling of phonons to electrons.
Summary
In this paper we define spinon and holon Hamiltonians that include the dominant part of the full Hamiltonian yet permit exact solutions. The resulting spinon and holon states are decoupled independent of doping. This separability differs drastically from the spinons and holons of the t-J Hamiltonians. 13] This research was funded by the National Science Foundation (CHE 91-100289). The facilities of the Molecular Simulation Center are also supported by grants from the Department of Energy (Advanced Industrial Concepts Division), the National Science Foun- [14] dation ( [15] eikMn2 . . . eikMnM
